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genome evolution ͉ molecular domestication ͉ population genetics T ransposable elements (TEs) are among the major components of genomes. Their universality is usually attributed to their ability to invade genomes similarly to parasites (1-3); they provide no adaptive advantage to the individual carrying them and are thus often considered ''junk DNA'' (4) .
It was rapidly acknowledged that the complexity of the evolutionary forces at work on TE sequences, including several levels of selection, need to be approached through specific population genetics models (5) (6) (7) . Consequently, a number of theoretical studies have been carried out, some of which address general issues common to all TEs, whereas others are specific to a particular TE family and host species. All of these models brought insightful advances in the understanding of TE biology, showing that the invasion of parasitic DNA sequences in the genome of a species is realistic for a broad range of parameters. Although active replicative transposition enhances colonization, natural selection, as well as deletions, tends to limit the spread of ''selfish'' copies. Because the TE content of known genomes does not seem to show any general and dramatic increasing or decreasing trend, it has been supposed that, after a first-invasion stage, the appearance of new copies is roughly balanced by the losses, and TE families could be maintained over the long term through a so-called transposition-selection equilibrium (see refs. 8 and 9, and refs. therein).
However, the evolution of TEs after their initial colonization is still only partly understood, and theoretical models fail to grasp the complex dynamics, history, and insertion patterns of TE and TE-derived sequences. Indeed, most of these models do not account for polymorphism among TE sequences of the same family; TE evolution is thus reduced to the competition or coevolution between a ''host'' and a homogeneous group of ''parasites.'' However, data provided by sequencing programs generally demonstrate that the majority of TE-derived sequences correspond not to autonomous elements but rather to the relics of formerly active TE families. Some nonautonomous elements, such as MITEs (11, 12) or SINEs (13, 14) , can even ''superparasitize'' the transposition machinery produced by autonomous copies and thus modify the dynamics of the whole system (15, 16) , promoting, e.g., cyclic reinvasions of active copies (3, 17) . Moreover, if the presence of TEs is known to be intrinsically deleterious (18) (19) (20) , it is also thought that the insertion effect ranges from lethal insertions to neutral or even adaptive effects. More and more examples of TE copies fixed in the genome of a species without being degraded have been indeed evidenced. Such sequences sometimes show typical signs of positive selection (21) and seem to have escaped from their parasitic role; they are often said to be ''domesticated'' by the genome (22, 23) . Finally, there is little doubt that genetic drift contributes to the structure of TE content in genomes, e.g., by promoting random departures from the expected equilibrium state or by influencing the efficiency of the elimination of deleterious insertions by natural selection.
Evolutionary geneticists, as well as molecular biologists involved in genome analyses, thus need more realistic (yet general) models accounting for the intragenomic evolution of TE sequences. Here, we propose to investigate, through stochastic simulations in finite-sized populations, the long-term coevolution of a TE family within its host genome. To do so, we relaxed the usual hypothesis that all copies from the same family must be identical, by introducing variability into both the effects of insertions on fitness and the production of transposition-related proteins. The possibility of mutations (i.e., modifications in the transposition efficiency of copies) leads to the exploration of long-term dynamics, far beyond the invasion stage. This model allows us to raise issues that could hardly be addressed by previous studies. Specifically, we will focus on investigating how the long-term maintenance of TEs in a genome can be reached, and whether the well documented transposition-selection equilibrium is the only way to reach it.
Results
The purpose of the model is to analyze the dynamic properties of a TE family over several thousand generations. Each TE copy is defined by its transposition (u) and deletion (v) rates, as well as by its impact on host fitness (s) and its transposition activity (a). The activity (i.e., the ability to produce functional transposition machinery) is thus separated from the transposition rate itself (the capacity to transpose given the presence of the transposition machinery) (Fig. 1) Transposition Selection. Active transposition stages correspond to situations in which the element is actively maintained in the genome because of its transposition ability. Transposition balances natural selection and mutational events, so the element can ''survive'' as a selfish DNA sequence.
Previous studies of TE dynamics have generally shown that the average copy number of a TE family is supposed to stabilize after a fairly long period, because of the balance between transposition and natural selection (7). In our model, when the adaptive insertion probability (p sϾ0 ) and the mutation rate (m) are 0 (or very low, i.e., at least 100ϫ lower than the transposition rate), the conditions necessary for such an equilibrium state are achieved, and all of the parameters of the population are stabilized for a very long period ( Fig. 2A) . All or almost all TE copies remain deleterious and are maintained in the population only because of their ''parasitic'' ability; the average fitness of the population is lower than in a TE-free population (high genetic load for the population), and all copies remain highly transpositionally active. Even if they appear sporadically through rare mutational events, low-activity copies are rapidly eliminated by both deletions, preventing the fixation of the copy, and natural selection, driving its frequency to 0.
Mutations. When activity mutations (i.e., mutations affecting the capacity to produce the transposition machinery without modifying the transposition ability itself) are introduced in the simulations, two ''populations'' of TEs may cohabit in the genome; nonautonomous copies settle, sometimes with a relatively high copy number, along with the regular fully functional elements ( Fig. 2B and SI Fig. 7) . Even if the model allows small step mutations, partially active elements do not seem to be able to maintain for a long time.
In large populations, this cohabitation between autonomous and nonautonomous copies can be maintained for a very long time (Ͼ20,000 generations, the upper limit of our simulations). As shown (3, 17) , this situation leads to a succession of invasions and regressions for both autonomous and nonautonomous copies, very similar to known host-parasite demographic patterns. The resulting pattern is a cyclic invasion of TEs (Fig. 2B) , appearing even at relatively low mutation rates (Ͻ100ϫ less frequent than transpositions).
Variability of Selective Impact. When the variability of the selective impact increases, transposition generates very deleterious copies, as well as neutral or slightly adaptive ones. Deleterious copies being rapidly eliminated, it appears that the main impact of the variability of the selective coefficients is due to the generation of ''positive-effect'' copies, which can settle and can be maintained in the genome for a very long time without being eliminated by natural selection. Despite a very low rate of appearance, such copies tend to accumulate in the genome and eventually impact the whole dynamics. Scheme of the transposition model. Each copy i is defined by its specific activity 0 Յ ai Յ 1 (representing its capacity to produce a functional transposition machinery), transposition rate ui, and deletion rate vi. The activity can change with mutations, occuring with a rate m. Small circles and rectangles represent the transposition machinery and the copies inserted in the genome respectively (black, full activity; gray, partial activity; white, no activity). If the mutation rate is very low and the rate of adaptive insertions high, all copies remain indefinitely active, and the accumulation of neutral or adaptive copies is not reversible. The copy number exponentially increases toward an uncontrolled invasion that stops only when the memory limit of the computer is reached (not shown). This is probably an unrealistic scenario, involving parameters beyond the reasonable biological range.
This pattern changes radically when mutations are introduced at the same time ( Fig. 2 C and D, SI Fig. 8 ). Because the longer the time spent in the genome, the more likely the inactivation, the neutral or adaptive copies do not contribute significantly to the production of transposition machinery. Active transposition thus relies on newly inserted, often deleterious copies, that are likely to be rapidly eliminated by natural selection. The transposition rate tends to drop with the progressive loss of active copies, and the TE content of the genome freezes.
Depending on the probability of adaptive insertions, two different final states have been reached in our simulations. In the case where adaptive insertions are rare and their effect is small, most remaining copies are neutral or slightly deleterious. In the absence of transposition, they are rapidly lost by the combination of rare deletion events (generating polymorphism at fixed loci) and genetic drift (Fig. 2D) . On the contrary, if the active transposition stage was long enough and the probability of adaptive insertions high enough for some large-effect beneficial copies to be fixed, natural selection can maintain them for a very long time (up to the end of the simulation; Fig. 2C ). This last situation corresponds to the well known ''molecular domestication'' events, in which TE-derived sequences turn into regular ''genes,'' necessary for the survival of the organism. The simulations stress that, after a first decline due to invasion by autonomous and deleterious elements, the average fitness of the host increases and finally exceeds the initial level (i.e., the fitness of an individual without any copy); despite a transitional genetic load, invasion by a TE family has brought an adaptive potential to the population.
Genetic Drift and General Dynamic Properties. Because the model is stochastic, the transition from one dynamics to another remains a random process, and there is no certainty concerning the state of the population at the end of a simulation. Nevertheless, despite the randomness brought by drift in small populations (Fig. 3) , a general pattern can be described. If the mutation rate is very low, the equilibrium situation can be achieved. In all other cases, the copy number will decrease after an initial burst, because of mutant elements that will prevent the regular transposition process. The number of cycles occurring before the loss of transposition activity depends on the rate of adaptive insertions and on the population size. It can be reduced to a single cycle (in small populations), or cycles can be maintained until the end of the simulation when the effects of genetic drift are reduced (large populations). After loss of activity, a phase with a low copy number can be observed. The length of this phase depends on the population size and deletion rate (SI Fig. 8 ), but it is also highly influenced by the number of adaptive insertions that occurred when the element was able to transpose actively. Genetic drift will progressively eliminate these insertions, probably starting with the neutral ones. Significantly adaptive insertions can be maintained until the end of the simulations. The polymorphism among the observed dynamics (Fig. 2, SI  Fig. 9 ) can be explained by using a few general rules about the expected evolution of a TE family. Reaching a transpositiondeletion equilibrium leads to the long-term maintenance of the family, but the conditions for its completion (e.g., low mutation rate) hardly correspond to realistic TEs. The most common dynamics is the occurrence of one (or several) invasionregression cycles, generally followed by a domestication event, before the definitive loss of the family (Fig. 4) . The general trend is an instability of the cycles when genetic drift increases; the larger the population size, the longer the maintenance of the active transposition stage. either by reactivation of a formerly inactive copy or, more likely, by horizontal transfer (24) (25) (26) . In such a situation, an element has to be immediately active and transpositionally efficient; otherwise, its loss because of genetic drift and natural selection is likely (27) . This invasion step has already been experimentally observed in model species such as Drosophila melanogaster, in both natural populations [e.g., the P element (28)] and laboratory experiments (e.g., refs. 29 and 30); some elements thus seem able to invade a new species efficiently, even if they come from a different one (31, 32) . The next steps of the dynamics cannot be observed directly, but further information may come from the genomic sequences. A rough analysis reveals that most TE-derived sequences seem to be nonfunctional. Moreover, the proportion of active copies is highly heterogeneous among species. Less than 20% of D. melanogaster's elements appear to be full-length (33, 34) , but this figure is Ͻ5% (a single family) in Schizosaccharomyces pombe (35) . In humans, only 1% of L1 elements are complete, and 1% of these full-length L1s are thought to be active, 100ϫ fewer than in the mouse (36 Two hypotheses can be proposed to explain such heterogeneity. (i) The different TE families from the same genome and the TEs from the same family in different species are not in the same phase of their evolution; some of them could be invading, whereas others are in a decreasing dynamic, leading to different insertion patterns. (ii) Because slight differences in the parameter sets used in our simulations lead to distinct dynamics, the long-term evolution of a TE family can be significantly affected by the characteristics of the TE, of its host, or by specific TE-host interaction. Unfortunately, our knowledge of TE evolution is not complete enough to supply arguments in favor of one or the other hypothesis. Moreover, both hypotheses are nonexclusive, and insertion patterns might be explained by a combination of both processes.
Discussion
TEs and Host Fitness. One of the main original features of our model derives from the quantitative variability of the selective effect of the insertion sites. Traditionally, the insertion effect is modeled as constant (17, 27) or variable according to the genomic copy number (7, 37) , but all copies of the genome potentially have the same impact. However, this is probably unrealistic. A part of the deleterious effect of the presence of a TE family may be shared by all copies of the family (e.g., genetic load due to ectopic recombinations) or by a subset of the genomic copies (e.g., selection against the transposition activity or against active copies only). Nevertheless, the direct effect of an insertion remains specific and depends on the precise locus in which the element is inserted (intergenic, exon, intron, promoter sequence, etc.).
The respective impacts of these selection mechanisms have not yet been quantified (9, 19) , but a single TE insertion is known to lead to a wide range of consequences for fitness, from lethal mutations (38) to adaptive insertions (ref. 21 , and see below). This variability has already led to specific models (39) , in which several groups of insertion sites were defined (e.g., neutral or selected). This last model mainly generates an accumulation of fully active TEs in the neutral sites. We have not systematically reached such a conclusion in the present work, because TEs are also subject to mutations and can be progressively inactivated. In this study, the mean insertion effect has been fixed at 1% most of the time, which corresponds to the order of magnitude of the experimental measures of the selective impact of a TE in Drosophila (20, 40, 41) . The average effect of the elements present in a genome at a given time is slightly lower, because the most deleterious ones are preferentially eliminated (e.g., Fig.  2C ). The normal distribution of selective effects, with a peak in the slightly negative values, can be seen as the result of the combination of insertion effects, variable (from very deleterious to adaptive) but most often almost neutral, and deleterious genome-wide effects (e.g., ectopic recombinations) shared more or less equally among copies.
The putative positive effect of TEs has long been suggested, because the mutational activity of transposition, despite the numerous deleterious insertions, is likely to promote genetic diversity and speed up the adaptation process (18, 42, 43) . Recent results have shown that these molecular domestication events (i.e., integration of an adaptive TE-derived sequence in the host genome) seem even more frequent than previously thought, and a significant proportion of genes, including promoters and regulatory sequences, indeed appears to derive from former TE insertions (21) (22) (23) (44) (45) (46) . However, domestication remains rather a consequence than a cause of the presence of TE in genomes, and they represent (very good) examples of exaptations at the molecular level (47, 48) .
Model Parameters. In our model, the maximum transposition rate has been generally set to u ϭ 2 ⅐ 10 Ϫ2 events per copy and per generation, which is rather high compared with known transposition rates for various types of elements, generally around or below 10 Ϫ3 (49-52). However, it is worth noting that the generation of nonautonomous copies will reduce the average activity a in the genome, and consequently the simulated transposition rate u ⅐ a will drop as well. This is consistent with the idea of a decrease of the transposition rate after the invasion, often modeled by a ''self-regulation'' parameter (e.g., refs. 7 and 27), and would mean that most of the time, the transposition rate evaluated from natural populations is smaller than the maximal activity the TE family had at the beginning of the invasion.
Like transposition, the deletion rate that was chosen (v ϭ 10 Ϫ3 ) also appears overestimated compared with the measured rates. The aim of choosing high-parameter values was to get realistic simulation results while sparing computer resources. Indeed, it is generally expected that lowering all parameters at the same time gives a similar, but slower, dynamic pattern (see, e.g., ref. 54 ). This becomes less straightforward when considering a complex model, especially when genetic drift is involved; however, additional simulations showed convincingly that very similar results are obtained when the transposition rate and the selective impact of elements are both reduced by the same order of magnitude, being much closer to what they might be, e.g., in mammals (SI Fig. 10 ).
The mutation model implemented in the simulations is particularly simple. Only one kind of mutation is allowed, turning functional copies into less autonomous ones, up to nonautonomous copies still able to be transactivated. Additionally less, ''deletions'' can play the role of large mutations that totally cancels out all of the effects of the copy. A more realistic model would probably include mutations that destroy both activity and mobility of the elements or mutations preventing the transposition without affecting the production of transposition-related proteins, etc.
Very few data concerning the mutation rate of TEs are available, and the rates of appearance of nonautonomous elements from autonomous copies are probably overestimated in the model. Moreover, in some cases, such as in human, nonautonomous SINEs are not derived from full-length LINE elements. Nevertheless, the current choice remains particularly convenient, because (i) a low number of parameters for the mutational model reduces the amount of arbitrarily set values; (ii) the appearance of nonautonomous copies by mutation allows the initialization of simulations with simple populations (active copies only); (iii) contrary to other kinds of defective copies, nonautonomous elements have a tremendous impact on longterm evolution, because they can maintain by ''parasitic'' selfduplication; and (iv) by turning, in each generation, a small part of low-activity copies into nonautonomous ones, the current mutation model introduces a slight advantage for the nonautonomous population of copies. This slight advantage is far from being unrealistic, because nonautonomous copies, generally smaller and not mobilizing the cellular machinery, are likely to be less deleterious than full-length ones (55) . It has been shown (17) that this somewhat unrealistic but simple mutation-driven advantage has very similar effects compared with a more complex selection-based advantage model. Genetic Drift. One of the main advantages of a stochastic implementation of the model is to explore the impact of genetic drift on TE dynamics. Some of the stages of the TE life cycle appear to be particularly sensitive to these stochastic effects [e.g., the very beginning of the invasion (27) ]. The particularity of such a multicopy system comes from the fact that the drift is determined by the ''copy population size,'' which depends on the number of individuals in the population, the copy number in each genome, and the fitness of the host. Simulations show that the end of each invasion cycle (when the number of functional copies is low) can lead to loss of transposition activity instead of another invasion, and that loss frequency decreases when population size increases (Fig. 3) .
However, this result is rather unexpected. It is generally admitted that, on average, large population sizes lead to less deleterious junk DNA content because of a higher efficiency in purifying selection. Even if there is indeed such a trend within the tree of life (56), it does not always appear as clearly as expected (e.g., ref. 57) , and other mechanisms, not yet precisely identified, are probably involved in the evolution of genome size. Our model, by evidencing that active junk DNA can suffer from the consequences of genetic drift exactly the same as genes, might provide an alternative hypothesis to explain why, in some cases, a small population size is not systematically associated with large proportions of TEs.
Equilibrium. Interestingly, one of the less-supported dynamics remains the long-term equilibrium state. Indeed, it seems very unlikely to maintain a constant copy number in a genome, despite mutations, evolution of the regulation system, and insertions into neutral or adaptive loci. Equilibria can be obtained only with weak (or no) mutation rates, low adaptive insertion rates, and low amplitude of mutations. These conditions contrast with what is generally known from real TEs, which are particularly unstable in the genomes and frequently subject to recombinations, deletions, and inactivations [e.g., because of the insertion of another element in it (58, 59) ]. Surprisingly, despite its unlikelihood, the equilibrium state is generally chosen as a reference from which TE features (such as the transposition rate or selective impact) can be computed, which is probably erroneous. This point underlines the need to acquire better definitions of the basic dynamics properties of these selfish DNA sequences.
Materials and Methods
Transposition. Each TE copy i is characterized by its (i) transposition rate u i , (ii) deletion rate v i , (iii) activity a i , and (iv) impact on the fitness of the individual s i . A transposition event corresponds to the duplication of an existing element. The new copy will be identical to the template, except for its position, which is uniformly sampled in the genome, and its selective impact (see below). A deletion consists of the total disappearance of a copy from a genomic location. The activity a i is the production capacity of ''transposition machinery'' (the proteins required for the transposition process). a i ϭ 0 represents a copy that is not able to produce any protein, but unlike defective elements (i.e., those that are unable to transpose), such a copy is still able to move because of the transposition machinery produced by other sequences in the genome and will be called ''nonautonomous.'' On the other hand, fully efficient elements are characterized by a i ϭ 1; intermediate values correspond to partially active copies. This transposition machinery is shared among all copies of the genome, whatever their respective activities (Fig. 1) . Thus, each individual is defined by its overall transposition activity a , which is the arithmetic mean of the activities of the n elements present in its genome (i.e., a ϭ ¥a i /n). Therefore, each TE of the genome has a probability of being duplicated of a ⅐ u Յ u. Deletions are supposed to be transposition-unrelated, and the deletion probability is always v, whatever the transposition activity in the genome.
Selection. Individual fitnesses are calculated relative to a TE-free individual, whose fitness is w ϭ 1. Each TE copy i has an additive selective coefficient s i , and the total fitness of an individual is w ϭ 1 ϩ ¥s i . If s i Ͻ 0, then the copy i is deleterious, whereas s i Ͼ 0 corresponds to an adaptive insertion. In the (rare) case in which there are many deleterious elements, so that w Ͻ 0, w is artificially set to 0 (a nonviable or sterile individual). The selection coefficient is supposed to result from a combination of insertion effects (e.g., the disruption of a coding sequence), and other deleterious consequences, such as ectopic recombinations. For each new insertion (i.e., for each transposition event), a selection effect is randomly determined by sampling in a Gaussian distribution of mean s (fixed at s ϭ Ϫ0.01) and variance s 2 . Several variance values have been used in the present work and were chosen according to the corresponding probability of adaptive mutations (SI Fig. 6 ).
Mutation.
The activity a i of copies does not change except through mutation. Mutation is a transposition-independent process and is considered as occurring only during meiosis. Each time a new gamete is computed, a TE copy has a probability m of being affected by a mutation. Here, only mutations that decrease the activity of the element will be considered. If an element mutates, its activity is decreased by a value ␦ a , sampled in a truncated Gaussian distribution with a variance a 2 (with ␦ a Ͼ0, i.e., the activity cannot increase). If the new activity is Ͻ0, then it is set to 0, and the element is considered as definitely nonautonomous.
Reproduction. N diploid individuals (N/2 males and N/2 females), with a genome of five chromosomes of 100 cM, constitute a panmictic population. A nonoverlapping generation consists in the creation of N offspring (as many males as females) from the previous population. For each offspring, two parents (one male and one female) are randomly chosen; a parent j with fitness w j having a probability p j ϭ w j /(N ⅐ w ) of being chosen (where w ϭ ¥w j /N is the mean fitness of the population). A haploid gamete is then generated from the genome of each parent. The number of crossovers is evaluated by using a Poisson process, and their positions are determined according to a uniform distribution. Then, for each pair of chromosomes, one homologue is randomly chosen and copied in the gamete until the next crossover, where the template chromosome is swapped. Mutations occur during gametogenesis. Both gametes are merged in a new diploid genome, and transposition occurs at this stage; the average transposition activity of the genome is determined, and TEs are duplicated or deleted after the transposition and deletion probabilities detailed above. Finally, the fitness of the individual is computed from its current genome.
Simulation Procedure. The model described above has been implemented by using a simulation software named DyET (available on request from the authors). The initial state of the simulations is a population of size N; where N is complete, fully active elements are distributed at one locus (i.e., one per individual on average). This is quite an artificial initial state, but the main goal of the present work remains the analysis of long-term evolution. We thus prevent the early loss of the element, which would be highly likely if a more realistic initial state were used (e.g., only a few copies spread through the population) (27) . Simulations are run for 20,000 generations, except if one of the following conditions is encountered: (i) the TE is totally lost (i.e., there are no more elements in the population), and (ii) there are too many elements in the system (the upper limit has been set to 2.10 6 elements in the whole population, i.e., 1,000 per genome).
